INTRODUCTION
It has been shown that motor units are controlled in unison rather than individually, indicating that they receive a common drive (De Luca et al., 1982b ; De Luca and Erim, 1994) . This phenomenon may be seen visually by plotting the firing rates of motor units or more analytically by noting that the cross-correlation function of the firing rates has a maximum at a time-lag of approximately zero. This observation has been confirmed independently by other researchers (Miles, 1987; Stashuk and de Bruin, 1988; Guiheneuc, 1992; Iyer et al., 1994; Semmler et al., 1997; Marsden et al., 1999; Patten et al., 2000) . The most cogent explanation for the origin of the common drive is that it is mediated centrally. Reports by Cheney and Fetz (1980) , Belhaj-Saif et al.
(1998), and McKiernan et al. (2000) indicate that there exist corticomotoneuronal cells in the premotor cortex and rubromotoneuronal cells whose activity is correlated with motor unit action potentials in muscles of the forearms of primates performing voluntary contractions. However, the question remains as to whether feedback from the proprioceptive and Renshaw systems affects the strength of the common drive.
It has been further reported that the degree of the common drive, that is the amplitude of the cross-correlation function, varies among muscles (De Luca, 1982a; Patten et al., 2000) and between dominant and non-dominant hands Semmler and Nordstrom, 1995) . It is also altered by different proprioceptive conditions (Garland and Miles, 1997) , exercise (Semmler and Nordstrom, 1997), and aging (Erim et al., 1999) . It is unclear why these variations occur. This study was performed to investigate potential cause for the reported variation in the common drive.
METHOD
Four muscles, the Tibialis Anterior (TA), the Trapezius, the First Dorsal Interosseous (FDI), and the Vastus Lateralis (VL) were chosen for this study because they are known to have varying degrees of Renshaw recurrent inhibition (Katz and Pierrot-Deseilligny, 1998), varying De Luca, C J -------Motor Unit Recruitment and Proprioceptive Feedback Decrease the Common Drive 4 numbers of muscle spindles (Voss, 1971) , and all contain Golgi tendon organs (GTOs). All subjects volunteered for the experiments. None of the subjects had any known neuromuscular or musculoskeletal disorders or diseases. All gave an informed consent approved by the Boston University institutional review board.
Experimental Protocol
Subjects were accommodated in a sitting position and the limb or digit being tested was secured so that it could only produce isometric contractions while contracting against a stiff force gauge. In order to compare the data from separate contractions and from across subjects, the data were collected from contractions performed at the same relative force level. The normalization was performed by measuring the force of the maximal voluntary contraction (MVC). The MVC was obtained by the following protocol. The subjects were asked to elicit and sustain the perceived maximal force for approximately three seconds. This procedure was repeated three times and the greatest value was used as the MVC for the subject. Then the subjects were asked to produce isometric forces by accurately tracking force trajectories that appeared on a computer screen. Once the subjects showed proficiency in following the target-force trajectory, a quadrifilar needle or fine wire electrode (De Luca and Adam, 1999; De Luca and Forrest, 1972) was inserted into the belly of the muscle. (This electrode detects three differential channels of EMG activity.) When a suitable position for the electrode was found, i.e., when the EMG signal appeared to be decomposable, the subject was asked to contract and follow a prescribed trajectory. The EMG signals were amplified, then band-pass filtered from 1 to 10 kHz. The signals were digitized at 20 kHz, and decomposed into the constituent motor unit action potential trains with the use of the Precision Decomposition I algorithm (LeFever et al., 1982; De Luca and Adam 1999) . Briefly, this technique utilizes template matching, template updating, and firing rate statistics to reliably identify the occurrence of all the detected motor unit action potentials, yielding a time series representation of the motor unit firings. 
Data Analysis
The firing rates of motor units were calculated by taking the inverse of the inter-pulse interval. In order to better visualize the behavior of the firing rates, the functions were processed with a finite-impulse-response band-pass filter with corner frequencies of 0.75 and 12 Hz and down-sampled to 100 Hz. An example of the time-varying firing rates of motor units from an isometric contraction at 20% MVC from the FDI muscle is shown in Figure 1 . Visual inspection of the smoothed firing rates reveals that they are varying in unison. It is this characteristic that has been referred to as common drive and can be quantified by calculating the cross-correlation functions of motor unit pairs (De Luca et al., 1982b) .
Only motor units that were recruited below 95% of the target force level were considered for further analysis. Motor units recruited above this level present an unstable firing rate as the To clarify this point, an objective method was constructed for determining the level of change of the function that could be considered as significant. This was done by synthesizing firing rate functions and measuring the standard deviation of the resulting normalized MIC function. Pairs of firing rate functions were constructed by adding different samples of Gaussian uncorrelated noise to a common signal according to Erim et al. (1996) . The amplitude of the noise was chosen so that the average amplitude of the MIC functions was 0.4 units. This value corresponded to typical crosscorrelation values found in real data. One hundred pairs were synthesized. The average standard deviation value was 0.05 units. Thus, a fluctuation in the MIC function was considered to be significant if it exceeded two standard deviations (0.1 units) which correspond to a p < 0.05 for a Gaussian distributed variable. Additionally, because the functions were filtered with an 8 s smoothing window, for any fluctuation to be causally related to the recruitment of a new motor unit it had to begin approximately 4 s before the time of the recruitment. An example of an actual MIC function that displays all these characteristics associated with a new motor unit is recruited is presented in Figure 3 . It is evident that prior to the recruitment of the new motor unit, the firing rates of the previously active motor units fluctuate in unison ( Figure 3b ), but immediately after the recruitment at t = 12 s, the same firing rates become discordant. It is this very effect that is represented in the highlighted decrease in the MIC function in Figure 3a .
The 8s smoothing widow used to calculate the MIC functions is shown in Figure 3a . Note that due to the influence of this filter the effect of the motor unit recruitment is seen 4 s earlier on the MIC functions.
It was found that 96% of the all motor unit recruitments were associated with a significant deflection in the cross-correlation function which preceded the recruitment event. Having thus established a reasonable basis for causality, it was possible to proceed with regression analysis which by itself does not establish causality. describing the relationship between spindle density and the amplitude of the cross-correlation (p<0.017). In Fig. 4c , mean values of the amplitude of the cross-correlation were significantly greater for FDI constant-force contractions compared to FDI ramp-force contractions, based on a pair wise post-hoc comparison (t = 4.18; p<0.001) that was calculated following the convention (Glantz, 1981) of first determining that the 5 mean values were significantly different using an ANOVA (F = 18.78; p<0.001)
The data from the FDI isometric contractions were not included in the spindle density plots because in those contractions no motor units were recruited; hence, the influence of the spindles on the cross-correlation of the firing rates could not be evaluated. A summary of the data is presented in Table I . The spindle density was used as a parameter to describe the association between MIC functions and the influence of the feedback from the spindles. A better assessment of the spindle influence would be provided by the ratio of motor units to spindles in an average motor unit territory of a muscle. That parameter would provide a more direct relationship between the Unfortunately, that ratio cannot be calculated as the requisite parameters are not available from the literature. Additionally, the gain of the spindle feedback might also influence the spindle feedback.
However, that parameter is difficult to obtain in the FDI and the Trapezius. Figure 4 and Table I near here
DISCUSSION
When a newly recruited motor unit fires, there is a disruption in the cross-correlation of the firing rates of the previously recruited motor units causing an increase in the variation of the correlation of the firing rates. The increase in the variation is proportional to the number of motor units that are recruited during a contraction. This appears to be true across muscles and even within a muscle (the FDI) when the force output increases during a contraction. As may be seen in Figures   2 and 3 , the disruption to the cross-correlation function caused by the newly recruited motor unit begins quickly after recruitment, if not at recruitment itself. The disruption was observed during isometric constant-force contractions at low levels (the 2 to 3% MVC in the Trapezius muscle) and at higher force levels (20% MVC) in the TA and FDI.
Two types of disruptions of the cross-correlation functions are evident in Figures 2 and 3: 1) At recruitment, the cross-correlation between the firing rates of the recruited motor unit and that of any of the previously recruited motor units begins at zero and increases to its basis value as the firing rate of the recruited motor unit increases. This occurs due to the calculus of the crosscorrelation function and bears no physiological relevance other than to indicate that recruitment of a motor unit has taken place and shows the time course of the firing rate as it reaches its base value.
In the analyzed data, most of these occurrences are not captured by the calculated MIC functions because the beginning and end of the contraction were not considered in the calculation. However, the effects of those motor units which are recruited during the contraction do influence the crosscorrelation function. This factor is evident in Figure 4 (a, c) . 2) When a motor unit is recruited, the 12 firing rates of the previously active motor units are temporarily suppressed as the firing rate of the recruited motor unit increases. The time course of the firing rate decrease differs among the motor units. Consequently the amplitude of the cross-correlations of the firing rates of previously active motor units first decrease, then subsequently increase as the effect of the recruitment wears off, causing an increase in the standard deviation of the MIC functions. A third observation is that the amplitude of the MIC varies among muscles, and appears to be related to the density of muscle spindles in the muscles.
There are three systems that provide feedback to homonymous motor units that are capable of influencing the firing rates. These are: the Renshaw recurrent inhibition, the muscle spindle proprioceptive afferent feedback, and the Golgi tendon organs (GTOs) non-reciprocal inhibition.
The reciprocal inhibition from the Renshaw system is particularly appealing for explaining the behavior of the MIC functions because there is some evidence that it may have a graded feedback gain in different muscles, with a greater gain in proximal muscles than in distal muscles (Katz and Pierrot-Deseilligny, 1998; Rossi and Mazzocchio, 1991) . But, this gradation has not been well quantified in humans (Jani, 1992) . Nonetheless, the modeling work of Maltenfort et al. (1998) has shown that the Renshaw recurrent inhibition has the potential of reducing the correlation of motor unit firings.. However, according to Katz et al. (1993) and Rossi and Mazzocchio (1991) the FDI receives no, or almost no, homonymous and heteronymous Renshaw recurrent inhibition. Yet, in Figure 4 it is evident that in the FDI the standard deviation of the cross-correlation increases when more motor units are recruited in the ramp contraction as compared to the constant-force contraction where no motor units are recruited. Thus, it appears that the Renshaw inhibition cannot explain the behavior of the correlation functions. It may participate in some capacity, but it is not a dominant or essential factor.
The proprioceptive feedback from spindles and GTOs appear to be more likely candidates for explaining the observation in this study. Muscle spindles and GTOs are found in most muscles De Luca, C J -------Motor Unit Recruitment and Proprioceptive Feedback Decrease the Common Drive 13 in the body, with the exception of the facial muscles (Folkins et al., 1978; Lovell et al., 1977) . The involvement of the proprioceptive feedback in the modulation of motor units firings has been suggested previously by Garland and Miles (1997) to explain their observation that the degree of cross-correlation among firing rates in the Flexor Digitorum Profundus muscle varied when the fourth hand-digit was flexed. They suggested that the altered proprioceptive feedback was either directly or indirectly involved, but did not provide evidence to substantiate the suggestion.
It is generally accepted that the Ib fibers from the GTOs provide a negative feedback (nonreciprocal inhibition) to the homonymous motor units and that the GTOs respond to tension from the muscle fibers. Furthermore, they respond to the tension generated by individual motor units (Binder et al. 1974 ). Thus, as the Ib fibers increase their firing rate, the inhibition to the homonymous motor units increases. In a complementary fashion, during a contraction the muscle spindles also provide a negative feedback (disfacilitation) to the homonymous motor units. Muscle spindles which are arranged in parallel with the muscles fibers will tend to slacken when the muscle contracts and the firings of the Ia fibers will decrease and consequently decrease the excitatory feedback which amounts to a virtual negative feedback. Broman et al. (1985) suggested that these two mechanisms were responsible for the observed decrease in the firing rates of active motor unit pairs when a new motor unit was recruited. A similar observation can be made in Figure 2b . Also, it appears that the decreasing firing rate of active motor units is uncorrelated with the increasing firing rate of the recruited motor unit. This effect tends to reduce the amplitude and increase the standard deviation of the calculated MIC functions. The communal effect of this cross-correlation behavior in the FDI is seen in Figure 4 (a, c) . Note that the amplitude of the cross-correlation value decreases (p < 0.001) and the standard deviation increases (p < 0.005) in the force increasing (ramp) contractions in which motor units are recruited. However, this relationship does not hold across muscles. The reason for this discrepancy is evident in Figure 4 It is apparent in Figure 4 (b, d) that the amplitude of the MIC function decreases (p < 0.017) as a function of increasing spindle density, whereas the standard deviation is not dependent (R 2 = 0.251: p < 0.390) on the spindle density, which in turn varies among muscles. A mechanism for explaining this observation is found in the behavior of muscle spindles. When a motor unit is recruited the muscle fibers shorten. Spindles in the proximity of the contracting muscle fibers will be either slackened or stretched depending on their orientation with respect to the shortening fiber.
If they are in parallel with the muscle fibers they will tend to slacken and the Ia firings will decrease; if they are in series and well anchored, they will tend to stretch and the Ia firings will increase. This dual behavior has been reported by Binder and Stuart (1980) and Edin and Vallbo (1990) . As the muscle fibers relax, the opposite occurs. This vacillation of the spindle output continues until the fibers become fused or quasi-fused and the force ripple of the muscle fiber is reduced, at which time the proprioceptive feedback to the motoneuron pool is reduced and becomes more or less stable (Edin and Vallbo, 1990) . From the behavior of the MIC functions in Figure 2c , this sequence of events appears to take place within 5 to 10 s of the recruitment. The summed effect of these explicit interconnections and inputs provide a system wherein the instantaneous net excitation to an individual motoneuron is likely to differ from that of its neighbor.
Thus, at any point in time during the recruitment of a motor unit, the varying degrees of excitation from the afferent feedback will facilitate some and disfacilitate other motoneurons. Consequently the instantaneous firing rates of the motor units will vary in a discordant manner and the amplitude of their cross-correlation will decrease, but the variation (measured by the standard deviation) remains essentially unaltered (Figure 4 b) MVC where there are few, if any motor units left to recruit. They also reported that the attempted constant-force contractions in the elderly were less steady, an observation supported by the work of Vaillancourt et al. (2003) . In another study found that the degree of crosscorrelation of firing rates in the FDI of the dominant hand was greater than that in the non-dominant hand. From the work of Adam et al. (1998) it is known that the force variability of the FDI in the dominant hand is significantly (p < .01) less than that of the non-dominant hand. Semmler and Nordstrom (1998) found statistically significant differences in the cross-correlation value of the firing rates in untrained subjects compared to skill-trained subjects and strength-trained subjects.
The force fluctuations were not reported, but it is known from the work of Laidlaw et al. (1999) that trained subjects produce force outputs with less fluctuations.
It is important to highlight the fact that the force fluctuations referred to are those that occur in the normal course of attempted constant force contractions in neurologically healthy individuals.
There is evidence that in patients with acute cerebellar stroke (Sauvage et al., 2007) the crosscorrelation of the firing rates increases as the patients generated oscillatory contractions when constant-force contractions of the FDI were attempted. Also, a recent report by Mochizuki et al. (2006) has shown that the modulation of motor unit firings in the Soleus muscle is greater during postural tasks (standing quietly) than during voluntary isometric tasks (plantarflexion). During quiet standing the Soleus muscle is continuously contracted and relaxed as it participates in the postural sway. In both examples, the monitored muscle contraction fluctuated in an involuntary oscillatory manner. These fluctuations are different from the more random force fluctuations that occur during normal voluntary contractions, such as those discussed above. During a force oscillation, a substantial number of the motor units are continuously recruited and derecruited, causing the firing rates to oscillate in unison and consequently increasing the cross-correlation between the firing rates. The discussion above refers to the influence of individual motor units recruited during a contraction.
A recent report by Sowman et al. (2007) indicates that the cross-correlation of the motor unit firing rates decreases when the force fluctuation of the Masseter muscle decreases. This muscle contains no spindles (Kubota and Masegi, 1977) or Renshaw system (Katz and Pierrot-Deseilligny, 1998 ). It does contain GTOs. The behavior of the cross-correlation is opposite that seen in muscles containing spindles. This result suggests that the spindles play the dominant proprioceptive role that affects the firing rates. However, it is not possible to extract clear deductions as the reduced force fluctuation was a consequence of an injection of Xylocaine (2%) in the peri-incisal periodontium and it is not known what affect the anesthetic had on the GTOs in the Masseter muscle.
In conclusion, the results support the notion that the proprioceptive feedback from muscle spindles and possibly GTOs initiated by motor unit recruitment decreases the amplitude and increases the variation of the cross-correlation among motor unit firings rates (common drive). This is so whether the force is constant or linear-force increasing. Consequently, contractions which have more motor unit recruitments produced either by intentional force increases or fluctuations about a constant-force mean value have decreased firing rate cross-correlation values. The degree of common drive is likely influenced by the ongoing activity of muscle spindles during a contraction. Thus, muscles which contain greater spindle densities present lesser cross-correlation values. These observations support the hypothesis that the common drive originates in the Central Nervous System and is diminished by the proprioceptive feedback from spindles and possibly GTOs. The smoothing was applied to provide a more distinguishable representation of the firing rates.
CAPTIONS
Note that the firing rates fluctuate in unison with no apparent phase lag, indicating the presence of a "common drive". b) The firing rate (in pulses per second) of the two motor units used to calculate the aboveshown MIC function and the firing rate of the newly recruited motor unit at t = 12 s. It can be seen that prior to the recruitment, the firing rates are fluctuating in unison with no apparent delay.
However, soon after recruitment the firing rates begin to loose their well-coordinated phase and amplitude relationship and appear to be discordant. This behavior is highlighted by the shaded elliptical region and is quantified by the MIC function. The width of the smoothing window (filter) is located above the firing rates. It can be seen that the discordant firing rates take effect on the MIC function as soon as the leading edge of the filter intersects them at the time of recruitment. The MIC function value calculated at this time is placed at the time corresponding to half of the window length, i.e. 4 s. Consequently, this is the earliest an effect can be registered on the MIC function.
(However, if the discordant behavior of the firing rates is weak or is slightly delayed and the correlation of the firing rates prior to the recruitment time is progressively increasing, then the effect will be noticed later, i. e., between 4 s prior to recruitment and the time of recruitment.) c) The amplitude of the maxima instantaneous cross-correlation (MIC) function of the firing rates versus the average number of motor units that are recruited during the contraction. Note that the regression among the muscles is poor (R 2 = 0.012) and the slope is not significantly different than that of zero (p < 0.837). . However, within the same muscle (the first dorsal interosseous, FDI) the amplitude decreases as the number of recruited motor units increases. The values for the FDI in the ramp-force contractions (filled circle) and the FDI constant-force contractions (filled square) are significantly different (p < 0.001).
d) The amplitude of the maxima instantaneous cross-correlation (MIC) function of the firing rates versus the spindle density in each muscle measured in number of spindles per gram of muscle. Note that the amplitude decreases as the spindle density increases. The slope of the linear regression is significantly (p < 0.017) greater than zero and has an R 2 value of 0.888. 
